A sky-radiometer network was developed in order to investigate the characteristics of aeolian dust on the way of transportation from the source region to the Japan area. From the analysis of the skyradiometer data, optical thickness in the visible to near infrared regions and size spectrum from radius 0.01 to 5 mm can be obtained. Five observation sites are set at Aksu, Qira, Shapotou, Qingdao, and Beijing in China, and four observation sites at Naha, Fukuoka, Nagoya and Tsukuba in Japan. The data of six observation sites (Qira, Shapotou, Naha, Fukuoka, Nagoya and Tsukuba) are automatically transferred to Meteorological Research Institute (MRI) through telephone lines.
Introduction
As described in the report of Intergovernmental Panel on Climate (IPCC), there are many studies on the radiative effect of aerosol on climate but its level of scientific understanding is very low (IPCC, 2001) . The effect of mineral dust on radiative forcing is also one of the most uncertain factors. Aeolian dust drifting from arid and semi-arid region in the central region of Asian continent is known as the cause of dust storms ''Kosa'' event. This event causes not only serious damage to agriculture, economics and human health in these regions but also a climatic impact on the global scale. Sahara desert and arid area in Australia are also known as source regions of aeolian dust. For better understanding of the radiative effect of Sahara dust and its transportation process, field experiments were implemented (Tanré et al. 2003, Reid and . In East Asia and the Northwest Pacific region, Aerosol Characterization Experiments (ACE) Asia was conducted to determine and understand the properties and controlling factors of the aerosol in the anthropogenically modified atmosphere by the International Global Atmospheric Chemistry Program (IGAC) (Hurbert et al. 2003) .
Aeolian Dust Experiment on Climate impact (ADEC) started in April 2000 to investigate the supply of dust to the atmosphere and estimate the radiative forcing of dust using the aerosol transportation model. In this project, a skyradiometer network is developed in order to investigate the characteristics of aeolian dust on the way of transportation from the source region to the Japan area. The first intensive field observation was performed during the period from April 8 to April 21, 2002, (ADEC IOP1) . In this period, aeolian dust came flying to Japan area and dust events were often observed (Kurosaki and Mikami 2003) . In this paper, we focus on the data analysis of sky-radiometer during IOP1. We performed the second IOP in March, 2003 . However, the occurrence of dust storm during IOP 2 was low, and we could not obtain much data on dust event days. Therefore we concentrated in the analysis of data during IOP1.
The observations of aeolian dust by the skyradiometer have already been reported on some papers (e.g. Fujiyoshi 2003, Kim et al. 2004) . The previous studies analyzed the data measured at one or two observation sites. The observation of ADEC sky-radiometers network was the first network observation of aeolian dust in the eastern Asia region. We observed the dust event by sky-radiometer network during IOP1. Comparing the results at each site, we investigate the characteristics of aeolian dust. In Section 2, our sky-radiometer network is briefly described. In Section 3, the method of analysis is shown. In Section 4, the results of the case study and the characteristics of dust event day are shown. And in Section 5, the results of analysis of sky-radiometer are shown.
Sky-radiometer network
The sky-radiometer (PREDE Co., Ltd. POM-01, POM-02) is a radiometer to measure not only the solar direct irradiance but also the radiance from the sky. In the case study shown in Section 3, the data measured by POM-01 was used. In the ADEC project, the POM-01 is remodeled by Japan Meteorological Agency, Meteorological Research Institute (JMA MRI) and PREDE Co., Ltd. The spectral positions were reselected. The wavelength position of the sky-radiometer used in the ADEC project is shown in Table 1 . The channel 315 nm was eliminated from POM-01 due to the low signal to noise ratio, and the channels 340 nm and 380 nm were added. New channels 1225 nm, 1600 nm, and 2200 nm were also added. The channels from 400 nm to 1020 nm were the same channels as the POM-01. The interference filters were used to resolve the spectral positions. The band width of channels less than 1225 nm is 10 nm and that for channel greater than 1600 nm is 20 nm. The accuracy of the band center is þ/À2 nm. In this study, we use the channels of the wavelength less than 1020 nm, except 940 nm, which is the water vapor channel.
Using the compact flash memory as a boot drive, a control and data acquisition system was newly developed in order to avoid the crash of hard disk in the personal computer due to the frequent blackout in China. Additionally, the filtered clean air is flowed from the bottom of the hood in order to protect dust from entering into the hood and to keep the surface of lens clean. This function is also effective in avoiding small insects from entering into the hood. The sky-radiometers were setup at five observation sites in China and the four observation sites in Japan. The observation sites in China are Qira, Aksu, Shapotou, Qingdao and Beijing, and that of Japan are Naha, Fukuoka, Nagoya and Tsukuba. The latitude and longitude of observation sites are shown in Table 2 . Qira and Aksu are in the source region of aeolian dust. Shapatou is in the source region and also on the way of transportation from the western part of China. Qingdao is in the coast of the continent. Therefore we can see the characteristics of aeolian dust just as it leaves the continent. Instruments were set up at each site in March, 2002, except Beijing, which was set up in September, 2003. In Qira, Aksu, and Shapotou sites, only sky-radiometers were set up. In others sites, the pyranometers and pyrgeometer were set up as well in order to measure the downward irradiances. The location of the sites is shown in Fig. 1 . As seen from the figure, the observation sites are placed to catch the aeolian dust transported from the western part of China. However, the dust storms some- In Japan, the sky-radiometers were set up at the lider observation sites. The data from the Naha site can be used to know the characteristics of aeolian dust transferred to the southern region of Japan. Fukuoka site is on the coast of Japan and we may investigate the modification of aerolian dust over the ocean by comparing with the data obtained at Qingdao site. The Qira, Shapotou, Naha, Fukuoka, and Nagoya sites are connected through telephone lines and data are transferred to Tsukuba site everyday. The data transferred to Tsukuba site is processed and analyzed every day. In the period of IOP, data at Aksu and Qingdao was sent as an attached file of e-mail. The processed data could be seen on the ADEC web site and was utilized for monitoring the present status of aerosol. After IOP1, data transfer and data processing continued, and the analyzed data has been opened through the ADEC web site.
Data analysis
In this study, we used the latest version of the Skyrad package, which is a software to analyze the sky-radiometer data and firstly developed by Nakajima et al. (1996) . The retrieval software to analyze sky-radiance were developed by Nakajima et al. (1996) and Dubovik and King (2000) . The latest version of these softwares can retrieve the complex refractive index as well as the optical thickness and particle size distribution (Nakajima et al. 2003, Dubovik and King 2000) . The comparison of retrieved size spectrum between the Skyrad package and the method by Dubovik and King (2000) was shown by Haywood et al. (2003) . The differences were are not significant.
In this study, we are only interested in the aeolian (mineral) dust and therefore we use the constant complex refractive index; m ¼ 1:50 À 0:005i. Some models of the refractive index for mineral dust have been proposed (Shettle and Fenn 1979 , WMO 1983 , Hess et al. 1998 . The refractive index of these models has a relatively high absorption; for example, the imaginary part of the refractive index, À0.008 at 500 nm in WMO model. Recent analysis and measurement suggested that an imaginary part of the refractive index of mineral dust is small (Kaufman et al. 2001 . On the other hand, in the Japan area, the measurements of single scattering albedo suggest that the transported dust has a large absorption property . A smaller value than WMO model, À0.0041, is also estimated by Aoki et al. (2005) . They estimated the refractive index from the analysis of the solar irradiance spectrum on the ground-based observation at Taklimakan Desert. Kobayasi et al. (2005) also estimated a similar value (À0.005) from the analysis of the data measured by optical particle counter, nephelometer and absorption photometer. Referring to these values, we adopt the moderate value À0.005 as an imaginary part of the refractive index in this paper. We used the value 1.50 as a real part of the refractive index. This value is a little smaller than the value 1.530 for dust type aerosol in Shettle and Fenn (1979) and OPAC (Hess et al. 1998 ). The retrieved results are not so sensitive with those differences.
The analysis of sky-radiometer needs the total amount of ozone and the surface pressure to take account of ozone absorption and Rayleigh scattering of air molecules. The total amount of ozone is taken from TOMS data every day. The surface pressure is taken from the nearest SYNOP data from observation site (see Table  2 ).
A measurement is made, when the output voltage of the sun sensor exceeds the specified limit. When the output is less than the limit, the weather is considered as cloudy and the measurement is not made. The radiance from the sky is measured by the horizontal scan (equi-zenith angle scan). The data between 3 and 30 degrees from the sun are used. Using these data, optical thickness and volume size spectrum are retrieved. After retrieval, the skyradiances is re-constructed using the retrieved data, and its relative error is calculated comparing with the observed sky-radiances. When this relative error is less than 5%, it is considered that the retrieval is successfully finished.
The surface albedo was assumed to be 0.1 and Lambert surface for all channel. Aoki et al. (2005) measured surface albedo at Taklimakan Desert near Aksu and Qira, and at Tengger Desert near Shapotou. The measured spectral albedo was 0.05-0.11 at ultraviolet wavelength and it rapidly increased to 0.2-0.3 at wavelength of about 0.6 mm. The sensitivity test for the change of surface albedo was performed using these measured albedo. The results showed that the differences of retrieved optical thicknesses between the albedo measured by Aoki et al. and constant albedo (0.1) were less than 1%; underestimation in ultraviolet wavelength region and overestimation in the longer wavelength region. From these results, it was concluded that the effect of albedo error is small, so we assumed the albedo to be constant.
The retrieved data are optical thickness at each channel and volume size distribution from 0.0121 to 16.5 mm in radius. As shown below in the figures, Å ngström exponent is used as an index of size distribution; lower Å ngström exponent means that the relative amount of large particles in the size distribution is high and the larger Å ngström exponent means that the relative amount of small particles in the size distribution is high. The Å ngström exponent a is defined as exponent when we approximated the wavelength dependence of optical thickness as power of wavelength ðlÞ, tðlÞ ¼ t 500 ðl/l 500 Þ Àa where t 500 is the optical thickness at wavelength 500 nm. a and t 500 are determined by least squares method from each channel optical thickness data.
Case study on April 8, 2000
Before we analyze the data of the period of ADEC IOP1, we analyzed the data on the dust event day to investigate whether the skyradiometer can detect the dust event and what are the characteristics of aeolian dust observed by the sky-radiometer.
On April 8, 2000, the front line passed over Tsukuba site in the afternoon. Judging from the satellite images, the front line passed over between 12:00 and 14:00 LST. After this, the aerological observatory of Tateno, which is next to Tsukuba site, reported a dust event. In Fig.  2 , time series of optical thickness at wavelength 500 nm and Å ngström exponent are shown. Before and after the front line passed over, the retrieved characteristics of aerosols changed largely. After local noon, optical thickness rapidly increased from 0.6 to 1.3 and Å ngström exponent decreased from 0.6 to 0.1. The largest optical thickness was observed around 14:00 LST and after that the optical thickness decreased. The Å ngström exponent was between 0.0 and 0.2 after 14:00 LST. The number of retrieved data was low around 14:00 LST due to the inhomogeneity of atmosphere and the existence of cloud.
In Fig. 3 , the volume size spectra in both the afternoon and the morning are shown. The remarkable difference between the two spectra is the increase of volume spectrum in the range of radius more than 0.5 mm.
From this case study, we found that dust event can be detected by measurements of sky-radiometer and see the characteristics of aeolian dust. When aeolian dust comes over the observation site, the particle number more than 0.5 mm in radius increases and therefore the wavelength dependence of optical thickness becomes small; i.e. Å ngström exponent becomes less than 0.5. Here, we showed only one case study, thus it is difficult to show the definitive criterion of the dust event day. However, simi- lar results were obtained from the analysis of IOP1 data, which will be shown in the later section. Therefore, in this study, we regard the situation of the large increase of particle more than 0.5 mm in radius and Å ngström exponent less than 0.5 as a dust event day.
Results of ADEC IOP-1
Several dust events occurred during the period of ADEC IOP1 in April, 2002 and they were observed by ADEC sky-radiometer network. However, since our network is coarse, it was rare that one dust event, associated with the synoptic disturbance, was observed at more than two observation sites. Therefore it is difficult to investigate the modification process of aeolian dust by tracing the same air mass of several days. However, ADEC observation sites are located in the source region, on the way of transportation, and near Japan area. We consider that the data obtained at each observation site reflect the geographical condition and that the modification of aeolian dust during the transportation can be extracted from the comparison of data at each site. The time series of optical thickness, that of Å ngström exponent as the index of size spectrum, the contribution rate of coarse and fine size particles to optical thickness and volume are shown. Size distribution parameters in the coarse particle size on dust event day is also shown. The size distribution parameters are determined by approximating the size distribution as log-normal one.
Optical thickness and Å ngström exponent
In Fig. 4 , time series of all optical thickness and Å ngström exponent data obtained in April, 2002 are shown. In this ADEC special issue, there are many papers related to aeolian dust. These data may be utilized to understand the state of atmosphere which is described in the other papers. The data from the beginning of April to the end of IOP is shown for the Aksu site. The data from the beginning of IOP to the end of April is shown for the Qingdao site. The data for the whole April are shown for the observation sites in Qira, Shapotou, and Japan. The sky-radiometer observes the direct solar irradiance and radiance around the sun and from the sky. If it is partially cloudy, we cannot obtain good data and cannot analyze it. If it is overcast or heavy dust storm, we cannot make the measurements. Futhermore, if the instruments have any malfunctions, no data can be analyzed. We cannot always make measurements due to these limitations. In Fukuoka, we could not make measurements from April 6 to 11 due to the malfunction of data acquisition system. The Naha site is on a small island surrounded by oceans, and a convective cloud frequently appears in the daytime. Therefore we could not get much data for analysis.
In the Chinese observation sites except Qingdao, low Å ngström exponent values be- tween 0.0 and 0.5 were often observed. The Å ngström exponent values less than 0.5 were also observed in the Japan observation sites. The scatter plots between optical thickness at the wavelength of 500 nm and Å ngström exponent are shown in Fig. 5 . Å ngström exponents in the observation sites Qira and Aksu, which are in the source region of aeolian dust, were almost constant between 0.0 and 0.4 irrespective of optical thickness. This means that the large part of floating aerosols over the observation site in the source region of aeolian dust consist of mineral dust particles. In Shapotou site, most of the data also show Å ngström exponent less than 0.5. Comparing the Å ngström exponent among Qira, Aksu, and Shapotou, the values at Shapotou are slightly larger than that at Qira and Aksu. This means that the particle size of aeolian dust observed at Shapotou is smaller than that observed at Qira and Aksu. Å ngström exponent around 1.0 as well as 0.0 to 0.5 were observed in Qingdao. These data correspond to the aerosol from the anthropogenic process. In the Japanese observation sites, there were data of Å ngström exponent less than 0.5 in addition to a lot of data with Å ngström exponent more than 0.5. The air mass over the Naha site is usually unpolluted and clean, and contains sea salt aerosols as a main component. In this situation, it is difficult to distinguish the aerosol of the maritime origin airmass with the optically thin aeolian dust. In the other Japanese sites, the data with low Å ngström exponent have relatively higher optical thickness and these data correspond to the aeolian dust. The feature of scatter plot at Fukuoka, Nagoya, and Tsukuba are similar except the frequency of observation. In Fukuoka, Tsukuba and Nagoya sites, optically thin (less than 0.3) cases with Å ngström exponent between 0.5 and 1.4 were also observed. Though we do not show the details here, these cases were frequently observed in the winter season when the clean cold air mass blew out from the continent. In Qingdao, the similar cases were also observed.
The Qira and Aksu sites are in southern and northern Taklimakan Desert, respectively. The concentration of sub-micrometer size aerosols produced through the condensation process from the anthropogenic gases is low. Aeolian dust particle is the main component in these regions and therefore, Å ngström exponent becomes low. Shapotou site is surrounded by Tengger Desert. Aerosol which has aeolian dust as a main component is also observed at Shapotou as well as at Qira and Aksu. However, since a medium scale city is located near the Shapotou site, the aerosol contains a component of anthropogenic origin. The cases with large Å ngström exponent as well as low Å ngström exponent are observed. Qingdao city has a population of more than 7 million. Therefore, the aerosol into the atmosphere due to anthropogenic activity is one of main components. Furthermore, the Qingdao site is located on the coast and the air mass over the ocean sometime flows to the observation site. These features make the observed aerosol to be complicated. Despite this situation, the cases with low Å ngström exponent, which correspond to dust event, were observed. 5.2 Contribution of coarse particles to optical thickness and volume As shown in the case study, the size spectrum of particle number more than 0.5 mm in radius increased on dust event day. In this section, we investigate that the contribution of coarse particles more than 0.5 mm to total optical thickness and total volume, in order to make the roll of aeolian dust clear. The daily mean values are used here. On the day which is judged from the daily mean value as the dust event day, dust event continues at least for one day and therefore that data expresses the feature of aeolian dust well.
In Fig. 6 , the absolute and relative contribution of coarse particles more than 0.5 mm to optical thickness at the wavelength of 500 nm are shown. In Qira and Aksu sites, which are located in the source region of aeolian dust, the contribution of coarse particles to optical thickness was more than about 70%. In Qingdao and Japanese sites, the contribution of the coarse particle increased, when the aeolian dust came. We can see easily that the contribution of coarse particles decreased as the distance from the source region of aeolian dust increased.
In Fig. 7 , the absolute and relative contribution of coarse particles more than 0.5 mm to the volume are shown. The retrieved size distribution more than 10 mm in radius is not so accurate and this causes a large error in estimating total volume. In this study, the bin for the largest size was neglected to reduce the error. The contribution of coarse particles was more than 80% on the dust event day. In the source region of aeolian dust, the change of relative contribution of coarse particles to the volume was small and more than 80% regardless of optical thickness. The relative contribution of coarse particles to the volume also decreased as the distance from the source region of aeolian dust increased. Comparing the volume in the source region and that on the way of transportation, the volume in Japan observation sites was about one third of that in the source region.
As described in Section 5.1, the decrease in the contribution of coarse particles to total optical thickness and volume partially means the removal of the coarser particles during the transportation and partially the increase in the contribution of the anthropogenic aerosol.
ADEC observation sites are located from the western part of China to Japan and the feature of these changes can be caught well from Fig. 6 and Fig. 7 .
Size spectrum on dust event day
On dust event days, the relative contribution of coarse particles to optical thickness and volume are more than about 70% and 80%, respectively. In order to catch the feature of aeolian dust, we selected dust event days and investigated the characteristics of size distribution. The dust event day was selected objectively as follows,
(1) The number of data in a day is more than 5.
(2) All data at Qira and Aksu are selected because Figs. 5, 6, and 7 show that the main component of these sites is aeolian dust. (3) The contribution of coarse particle to volume is more than 77% and Å ngström exponent is less than 0.6.
Approximating the size spectrum by lognormal one, the parameters of size spectrum on the dust event days are determined.
The log-normal size distribution is written as follows,
where ln r g ¼ ð y 0 ln rnðrÞ dr;
Using the data between 0.5 and 12 mm, where the volume spectrum largely increases, s g and ln r g for the coarse particles are determined by the least squares method. The results are summarized in Table 3 . In the table, effective radius r eff , which is the mean radius weighted by the geometric cross section, are also shown (Hansen et al. 1974) , This parameter is dependent on wavelength. In Table 3 , r eff ----CSext for 500 nm is shown. The average values of Å ngström exponent, contribution of coarse particles to optical thickness and volume are also shown.
In Qira, Aksu, and Shapotou sites, which are the observation sites in the source region of aeolian dust, r g for the coarse mode is from 0.69 to 0.72 mm, where ln r g is the center of log-normal size distribution. In Qingdao and Japan sites, which are in far distance from the source region of aeolian dust, r g is 0.41 to 0.54 mm. r g becomes smaller as the distance from the source region increased. The same tendency can be seen in the effective radius for coarse mode; r eff is 2.1 to 2.3 mm in the source region and 1.6 to 1.8 mm in the far distant sites from the source region except Qingdao. Thus, coarser particles fell out and were removed as the distance from the source region increased and r g and effective radius r eff become small. However, the difference of particle size between the source region and that of far away sites is small. This means that the larger particles floating in the air are removed from the air at a relatively early stage of dust storm after dust particles are blown up into the air. The similar results were obtained from the investigation of Sahara dust during atmospheric transport . Their results showed that aeolian (mineral) dust aerosols larger than 7.3 mm were preferentially removed during transportation and relatively invariant size distribution was transported over the long range distance. When it is a severe dust storm, the sky-radiometer cannot make a measurement. The sky-radiometer can only measure relatively thin floating dust. Therefore, difference of particle size observed by sky-radiometer between source and far away sites becomes small. s g are scattered from 0.67 to 0.87. There is no significant difference between the source region and the region far away from the source region.
In Table 3 , the results for fine particles (r < 0:2 mm) are also shown. There are some tendencies. The effective radius in the source region of aeolian dust is smaller than that in Fukuoka, Nagoya, and Tsukuba. s g in Aksu, Qira and Shapotou is smaller than that in Fukuoka, Nagoya, and Tsukuba, too. These difference suggests that the aerosol in Fukuoka, Nagoya, and Tsukuba contains more aerosol other than aeolian dust particles.
At the Qira site, Mikami et al. (2005) measured the number size spectrum of aerosol particles with OPC (TD100, Sigmatec) with 6 channel size (diameter) discriminator, 0.3 to 0.5, 0.5 to 1, 1 to 2, 2 to 3, 3 to 5, >5 mm, respectively. Their results show that the size spectrum has a bi-modal feature; a small dip at 1 to 2 mm diameter bin. Though the size range measured by the OPC is limited, the bi-modal size spectrum is similar to that retrieved from the skyradiometer data. However, the size spectrum measured by Mikami et al. (2005) has higher concentration in the coarse particle range (lower concentration in the small particle range) than that retrieved from the sky-radiometer data. The size spectrum retrieved from the sky-radiometer data is an average spectrum over the whole atmospheric column. This difference suggests that the size spectrum near the ground contained coarser particles.
The effective radius r eff for the size distribution which combined the coarse mode with the fine one is 0.44 to 0.71 mm. The special feature of r eff among the all sites cannot be found. There is a remarkable feature on the r eff ----CSext . It is larger in the source region than in Japan area; 1.8 to 2.0 mm in the source region and 1.2 to 1.3 mm in Japan area. The value of r eff ----CSext in Qingdao, 1.5 mm, is in between that in the source region and Japan area. This shows that the aerosol on dust event day clearly changes when it is transported from the source region to Japan area.
Summary and conclusion
The sky-radiometer network was developed in order to investigate the aeolian dust from the source region to the Japan area, and intensive observations were implemented in April 2002.
The case study on April 8, 2000, in which the small dust front passed over Japan, showed that the sky-radiometer could detect the dust event. Therefore, the dust event day could be characterized from the results of this case study and the analyzed results of the sky-radiometer data during the period of the first IOP in April, 2002. Most data of Å ngström exponent between 0.0 and 0.5 corresponds to the dust event day. The major differences of size spectra between dust event day and non dust event day are the large increase of particle volume spectra greater than 0.5 mm in radius.
The contribution of particles with radius greater than 0.5 mm to total optical thickness frequently exceeds more than about 70% in the source region, Qingdao, and in Japan observation sites on the dust event days. Furthermore, the contribution of particles with radius greater than 0.5 mm to the total volume frequently exceeds more than about 80% on the dust event days. The retrieved volume spectra in the source region are not dependent on the optical thickness. This means that floating aerosol in the source region mainly consists of aeolian dust. The total volume observed in Japan observation sites is one third of that in the source region.
When the size distribution is approximated by log-normal size one, effective radius for the coarse particles (r > 0:5 mm) is 2.1 to 2.3 mm in China observation sites and 1.6 to 1.8 mm in Japan observation sites. There is a tendency that particle size becomes smaller as away from the source region. However, differences of size distribution between source and far away sites are small. The effective radius weighted by extinction cross section for the size distribution that combined the coarse mode with fine one was also changing when it was transferred from the source region to Japan area. It is 1.8 to 2.0 mm in the source region and 1.2 to 1.3 mm in Japan area.
We could not trace a specified dust storm due to the coarse network. However, the ADEC observation sites are located in the source region of aeolian dust and on the way of transportation, and therefore the average feature expresses the change of characteristics of aerosol. The change of size spectrum for aeolian dust from the western part of China to Japan area by anthropogenic activities could be seen.
We have accumulated sky-radiometer data since March 2002 after ADEC first IOP. In the future, we would like to analyze these data in order to clarify the dust properties by comparing the spring dust season and the others. Furthermore, since there is a possibility that the sky-radiometer network can detect phenomena other than dust event, we can clarify the aerosol properties in the East Asian area. At some observation sites, pyranometers and pyrgeometer are installed as well as the skyradiometer. Analyzing the solar irradiances and the retrieved data from sky-radiometer, we will be able to estimate the radiative effect of aerosol in east Asian area.
